4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK, 1) is a potent tobacco-specific lung carcinogen believed to play a key role in the development of lung cancer in smokers. Metabolic activation of NNK to DNA damaging reactive intermediates proceeds via α-hydroxylation pathways. The end products of these pathways are excreted in the urine of smokers as 4-oxo-4-(3-pyridyl)butanoic acid (keto acid, 3) and 4-hydroxy-4-(3-pyridyl)butanoic acid (hydroxy acid, 4). The sum of these biomarkers (after NaBH 4 treatment), referred to as total hydroxy acid, could potentially be used to measure the extent of NNK metabolic activation in smokers. However, the same metabolites are formed from nicotine; therefore, there is a need to distinguish the NNK-and nicotine-derived keto and hydroxy acid in smokers' urine. We previously developed a unique methodology based on the use of [pyridine-D 4 ]NNK ([D 4 ]1), which metabolizes to the correspondingly labeled biomarkers. In this study, we developed a sensitive and reproducible assay for the detection and quantitation of total [pyridine-D 4 ]hydroxy acid ([D 4 ]4) in human urine. A two-step derivatization approach was used to convert [D 4 ]4 to [pyridine-D 4 ]methyl 4-hexanoyl-4-(3-pyridyl)butanoate ([D 4 ]6), and an LC-ESI-MS/MS method was developed for the analysis of this derivative with excellent sensitivity, accuracy, and precision. The robustness and reproducibility of the assay was further confirmed by its application for the analysis of urine samples from 87 smokers who smoked [D 4 ]1-containing cigarettes for 1 week. The measured level averaged 130 fmol/mL urine. The developed assay can be used in future studies that may require evaluation of the relative efficiency of NNK metabolic activation in humans.
■ INTRODUCTION
Tobacco use is among the most prevalent, albeit preventable, human carcinogen exposures. Cigarette smoking causes up to 90% of lung cancer, the most common cause of cancer death in the United States, resulting in a projected 159,480 deaths in 2013. 1, 2 Tobacco-specific nitrosamines (TSNA) are among the most significant tobacco carcinogens; multiple studies clearly document their strong carcinogenicity in laboratory animals as well as the occurrence of substantial amounts of these carcinogens in both unburned tobacco and tobacco smoke. 3−8 One of the most prevalent of these compounds, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK, 1), is a remarkably effective lung carcinogen in laboratory animals, inducing lung tumors in rodents independent of the route of administration. 3, 9 Results of numerous investigations indicate that NNK is a causative agent for lung cancer in smokers. 3,6,10−12 Exposure to NNK may also be causally related to nasal, oral, liver, pancreatic, and cervical cancers. 3,6,9,13−16 NNK together with the related nitrosamine NNN have been classified as Group 1 carcinogens by the International Agency for Research on Cancer (IARC). 9 NNK requires metabolic activation to exert its carcinogenic effects. 3 Therefore, the risk of lung cancer in smokers may be affected by the relative extent of NNK metabolic activation and detoxification, with those who activate NNK more extensively being at higher risk. Studies in laboratory animals show that NNK is metabolized by three major routes: carbonyl reduction, pyridine oxidation, and α-hydroxylation. 3,17−20 Carbonyl reduction produces 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL, 2) (Scheme 1), which undergoes metabolic transformations similar to those of NNK, except for the formation of NNAL-glucuronides (NNAL-Glucs), an important pathway of NNK and NNAL detoxification. 3,20−23 The sum of NNAL and its glucuronides can be measured in urine as "total NNAL," which is an established biomarker of NNK exposure in humans. 24−26 NNAL can also be partially converted back to NNK; however, the NNK-NNAL equilibrium favors NNAL in rodents, primates, and humans. 19−21,27−29 The second process, pyridine-N-oxidation, is a minor metabolic pathway in humans 29 and, therefore, is not expected to play an important role in the relative balance of metabolic activation and detoxification of NNK. The third major route, α-hydroxylation, leads to the formation of DNA methylating and pyridyloxobutylating intermediates, and thus represents metabolic activation of NNK and NNAL (Scheme 1). Formation of DNA adducts from the reactive pyridyloxobutyl metabolite has been well established; some of these adducts have miscoding properties and can activate oncogenes. 30−33 The major end products of the NNK and NNAL αhydroxylation pathway are 4-oxo-4-(3-pyridyl)butanoic acid (keto acid, 3) and 4-hydroxy-4-(3-pyridyl)butanoic acid (hydroxy acid, 4); urinary excretion of these metabolites has been shown in rodents, primates, and humans. 20, 21, 34, 35 Thus, the balance between urinary NNAL-Glucs, as a biomarker of NNK exposure and detoxification, and the sum of urinary 3 and 4, as a biomarker of NNK metabolic activation, could potentially provide a useful index for the relative efficiency of these major pathways in individual smokers.
The main obstacle to using 3 and 4 as biomarkers of NNK metabolic activation is nicotine in cigarette smoke, which also generates these metabolites and is present at more than 1,000fold higher levels than NNK. 36, 37 Thus, most 3 and 4 in smokers' urine results from nicotine metabolism. 35 Therefore, in our previous study we developed a novel approach to specifically identify NNK-derived 3 and 4 by using deuteriumlabeled NNK. 38 In that study, we added [pyridine-D 4 ]NNK ([D 4 ]1) to a commercial cigarette, which originally contained significantly lower levels of NNK than regular brands, and then analyzed urine samples collected from individuals who smoked these cigarettes. 38 After treating urine with NaBH 4 to convert 3 to 4, we used liquid chromatography−electrospray ionization− tandem mass spectrometry (LC-ESI-MS/MS) to distinguish the [D 4 ]1-derived urinary [pyridine-D 4 ]hydroxy acid ([D 4 ]4) from the corresponding unlabeled metabolite and demon-strated for the first time that NNK is metabolically activated in smokers. 38 Future application of our unique methodology can potentially provide important insights into the role of interindividual differences in NNK metabolic activation in cancer risk. However, the analytical procedure for the analysis of ([D 4 ]4) in our original study of 20 smokers was not optimized for robust application in larger trials. Therefore, our purpose in this study was to develop an improved LC-ESI-MS/ MS method for the quantitation of total [D 4 ]4 in human urine. 
■ EXPERIMENTAL PROCEDURES
. These were synthesized by adaptation of a previously described procedure. 39 Briefly, [pyridine-D 4 ]ethyl nicotinate or [ 13 C 6 ]ethyl nicotinate (0.75 mmol) was added to a suspension of NaH (3.7 mmol, 60% dispersion in mineral oil) in 5 mL of refluxing benzene. After the addition of ethanol (0.5 mL), diethyl succinate (3.75 mmol) was added into the stirred refluxing mixture dropwise, and the reaction was allowed to take place for 45 min. The mixture was then cooled in an ice bath, and 0.5 mL of 5 M HCl was added slowly with constant stirring, which was continued for another 10 min after the addition was completed. The aqueous phase was extracted with benzene and, after discarding the organic layer, adjusted to pH 9 by the addition of NH 4 OH and extracted again with chloroform. The chloroform layer was then dried over Na 2 SO 4 and concentrated under diminished pressure to obtain the crude diethyl α-nicotinyl succinate as a brown oil. This crude product was heated under reflux in 2 mL of 5 M H 2 SO 4 for 36 h. After the solution was cooled to room temperature, NaOH was added to adjust the pH to 4−5, and the precipitated crude [ . Briefly, 1.13 mg (6.10 μmol) of [D 4 ]4, synthesized as described above, was incubated in 1 mL of 3% (v/v) concentrated H 2 SO 4 in MeOH at room temperature overnight. The reaction mixture was neutralized with 2 mL of 0.6 M NaHCO 3 . Samples were then loaded onto 5 mL ChemElut cartridges (Agilent Tech.), and the [D 4 ]4 methyl ester was eluted with 25 mL of CH 2 Cl 2 . After the removal of solvent, 100 μL of 50 mg/mL DMAP solution in toluene and 500 μL of hexanoic anhydride were added, and the second esterification reaction was allowed to take place at 70°C for 20 min. After cooling to room temperature, 1.5 mL of hexane/EtOAc (90:10) was added, and the product was extracted thrice with 1 mL of 1 N HCl. The aqueous phase containing the product was neutralized (NaHCO 3 ), and the ester was extracted with 3 × 5 mL hexane/EtOAc (90:10), Subjects and Urine Collection. Smokers' urine samples analyzed here were collected from subjects recruited for a chemoprevention trial that will be described elsewhere. The study and the urine sample collection were approved by the University of Minnesota Institutional Review Board (Study # 0712M22651). As part of the trial design, subjects were asked to stop smoking their usual cigarettes and switch to the study cigarettes to which [D 4 ]1 was added. The cigarettes were prepared as previously described, and their use was approved by the US Food and Drug Administration (IND 74037). 38 Subjects were asked to collect a 24-h urine sample after a 7-day period of smoking cigarettes containing [D 4 ]1 and bring the sample to the Tobacco Research Programs clinic at the University of Minnesota; these urine samples were analyzed here. Study subjects kept urine at room temperature during the 24-h collection and delivered it to the clinic the next day. An experiment in which urine of a study subject was incubated overnight at 37°C showed no degradation of hydroxy acid. In the laboratory, urine samples were kept at −20°C until analysis. Subjects further followed the trial protocol, which will be described elsewhere along with data on additional biomarkers including creatinine. Additional samples collected by the subjects in the study were not analyzed for this report. Excess NaBH 4 was destroyed by adding 1 M HCl dropwise, and the pH of the sample was adjusted to 6.5−7.5. The volume was reduced to 1 mL (SpeedVac), and the sample was applied to a 200 mg/3 mL Strata-X cartridge (Phenomenex) activated with 2 mL of MeOH. The cartridge was washed with 1 mL of H 2 O (which was shown not to remove the analyte), and [D 4 ]4 was eluted by applying another 5 mL of H 2 O to the cartridge. The sample was dried overnight, using a SpeedVac.
First Derivatization (Conversion to Methyl Ester). On the next day, 1 mL of freshly prepared 3% (v/v) concentrated H 2 SO 4 in MeOH was added to the dry residue, followed by sonication and vortexing to completely dissolve the sample. The mixture was allowed to stand at room temperature for at least 2 h to convert [D 4 ]4 to its methyl ester. Then, 2 mL of 50 mg/mL NaHCO 3 was added dropwise to adjust the pH to 7.0−8.0. The sample was loaded onto a 5 mL ChemElut cartridge (Agilent Tech.), and the [D 4 ]4 methyl ester was eluted with 2 × 8 mL of CH 2 Cl 2 . The eluant was concentrated on a SpeedVac for 1.5 h, and 500 μL of CH 2 Cl 2 was immediately added to the dry residue. This was applied to a CH 2 Cl 2 -activated BondElut cartridge (Agilent Tech.), which was washed with 1 mL of CH 2 Cl 2 and 1 mL of CH 2 Cl 2 /EtOAc (50:50) sequentially. The [D 4 ]4 methyl ester was finally eluted with 2 mL of 100% EtOAc and dried by SpeedVac.
Second Derivatization (Conversion to [D 4 ]6) and Final Purification. Immediately after drying, 10 μL of DMAP (50 mg/mL in toluene) and 50 μL of hexanoic anhydride were added. After sonication and vortex mixing, the mixture was incubated at 70°C for 20 min, producing [D 4 ]6. To extract the product into the aqueous phase, 0.5 mL of hexane/EtOAc (90:10) and 0.5 mL of 1 N HCl were added sequentially with thorough vortex mixing (30 s) after each addition. The mixture was centrifuged at 500g for 2 min, and the aqueous phase containing the analyte was separated. This extraction was repeated once, and the aqueous phases from both extractions were combined and applied to an activated 60 mg Oasis MCX cartridge (Waters Corp.), which was washed with 3 mL of 1 N HCl, 3 mL of MeOH LC-ESI-MS/MS Analysis. The dried sample was redissolved in 12 μL of H 2 O and analyzed on a TSQ Vantage system (Thermo Scientific) interfaced with an Agilent 1100 capillary HPLC system and an Agilent 1100 micro autosampler. A Zorbax Eclipse PAH column (150 × 0.5 mm, 3.5 μm particle size) was maintained at 40°C throughout the separation. The chromatography was performed with a CH 3 CN and 15 mM NH 4 OAc solvent system at a flow rate of 10 μL/min. A linear gradient started with 60% aqueous phase and 40% CH 3 CN and changed to 44.3% aqueous phase and 55.7% CH 3 CN over 22 min. The gradient was then ramped to 35% aqueous phase and 65% CH 3 CN over 3 min, and returned to the initial condition in 2 min. The column was equilibrated for 10 min before the next injection. The total run time was 37 min per sample.
The mass spectrometer was operated in the positive ion electrospray mode with selective reaction monitoring (SRM). The calibration curve for the quantitation of [D 4 ]6 was built by preparing a series of standard mixes containing varying ratios of [D 4 ]6 to [ 13 C 6 ]6 (internal standard). As can be seen from Figure 3 , which shows the calibration curve constructed from five standard mixes (six measurements performed for each on different days), excellent linearity was observed for the analyte in the range of 0.84 fmol ∼84 fmol [D 4 ]6.
Method Characteristics. To determine precision, accuracy, recovery, and limit of detection of the assay, we used a nonsmoker's urine to which a known amount of [D 4 ]4 was added. A typical LC-ESI-MS/MS trace obtained in this analysis is shown in Figure 4A accuracy of the measurements ranged from 99.0% to 115.8%. As demonstrated in Figure 5 , the added and measured levels of [D 4 ]4 were highly correlated (R 2 = 0.9983). This experiment was performed at the method development step and was further included with each set of smokers' urine samples analyzed later in the study. For the 20 sets of accuracy analyses performed in total, the average accuracy was 100.1% ± 14.7% (n = 100), and the average recovery of the [ 13 C 6 ]4 internal standard was 32.1% ± 27.6% (n = 100). Additional accuracy experiments with each sample set allowed us to determine the precision of the assay at [D 4 ]4 levels that are lower than those used in the initial precision test and in the positive controls. At 11.3 fmol/mL [D 4 ]4 addition, which is below the lowest level measured in smokers' urine samples, the coefficient of variation was 14.2% . At the next [D 4 ]4 addition level, 56.6 fmol/mL urine, the coefficient of variation was 5.8%, similar to that determined for the positive controls. At a 3:1 signal-to-noise ratio, the limit of detection (LOD) was 10 fmol/mL in nonsmokers' urine to which [D 4 ]4 was added. The limit of quantitation (LOQ) at a 5:1 signal-to-noise ratio was 25 fmol/ mL and was established based on smokers' urine analyzed by this method. Table S1 . A typical trace from an analysis of a smoker's urine is shown in Figure 4B . The distribution of the measured [D 4 ]4 concentrations in these urine samples is illustrated in Figure 6 .
■ DISCUSSION
Evaluation of the metabolic activation of the tobacco-specific lung carcinogen NNK in individual smokers may potentially provide important insights for understanding interindividual variation in the risk of developing lung cancer due to exposure to tobacco products. The addition of [D 4 ]1 to special study cigarettes followed by the measurement of urinary total [D 4 ]4 in people who smoke these cigarettes is a promising novel approach that can be used for this purpose. This approach requires a reliable and sensitive methodology for the measurement of the deuterium-labeled urinary biomarkers. In this study, we developed a sensitive and highly reproducible LC-ESI-MS/MS method for the analysis of [D 4 ]4 in human urine. The method is characterized by excellent sensitivity, precision, accuracy, and recovery.
The original method for the analysis of [D 4 ]4 that was used in our previous study included the conversion of the acid to its methyl ester to enable a purification step that cannot be applied without the esterification; this was followed by hydrolysis of the ester back to [D 4 ]4, which was analyzed by LC-ESI-MS/MS. 38 The resulting chromatographic traces were characterized by relatively high background noise and variable recovery of the analyte. In this study, we modified our protocol by including the second derivatization step after the conversion of [D 4 ]4 to its methyl ester, thus producing [D 4 ]6, a stable methyl ester hexanoate. 40 This additional esterification decreases the polarity of the resulting product, allowing for more efficient removal of the multitude of polar interfering compounds present in the urine matrix, which ultimately results in better chromatography. Furthermore, the ionization efficiency in the ESI source is improved due to both decreased compound polarity and reduced matrix suppression. The second esterification also increases the molecular weight of the analyte by 98 amu, which increases the selectivity in the MS detection since most interfering compounds from the urine matrix have lower molecular weights. Another important modification is that in the new protocol, we applied the isotope dilution approach by using [ 13 C 6 ]4 as the internal standard, instead of 5methylhydroxy acid (5, Figure 1 ) which was used in our previous assay. 38 This approach ensures more accurate quantitation of the analyte as compared to the use of a surrogate internal standard. As shown in Figure 4 , the analysis of both the nonsmoker's urine to which [D 4 ]4 was added and the urine of a smoker who switched to [D 4 ]1-containing cigarettes, produced clean chromatograms with well-resolved peaks for [D 4 ]6 and [ 13 C 6 ]6.
The concentration range of urinary total [D 4 ]4 obtained in the current study for the 87 subjects who smoked [D 4 ]1containing cigarettes for 1 week is lower than that reported previously. Thus, in our previous study, the levels of urinary total [D 4 ]4 ranged from 0.43 to 8.7 pmol/mL urine, averaging 2.8 pmol/mL in 20 smokers who smoked cigarettes to which [D 4 ]1 was added at the same level as in the present study. 38 This could be due to differences in the analytical procedures and internal standards used in the two studies, as well as the differences in the brand of study cigarettes used (Marlboro Virginia Blend in this study vs Quest cigarettes in the previous study), which may have affected the resulting smoking rates (21 vs 28 cigarettes per day in the current and the previous study, respectively), and other potential differences between the two studies and/or subject characteristics. We applied our new method to reanalyze a small set of urine samples that were available from the previous study and stored at −20°C since its completion. We selected samples that, according to our previous analyses, contained high levels of [D 4 ]4: 3.5, 4.2, and 8.8 pmol/mL urine. Reanalysis of these samples by the new method produced 1.4, 1.7, and 3.1 pmol/mL [D 4 ]4, respectively. While there are discrepancies in urinary [D 4 ]4 levels measured by the two methods, which could be due to a combination of the method differences and the prolonged storage of the samples from the previous study (at least 6 years), the levels determined by the new method in the urine collected in the previous study are still higher than those measured in the current study. Importantly, the method presented here has been thoroughly characterized and shows a broad dynamic range of accurate [D 4 ]4 quantification, making it applicable in future studies.
NNK intake in smokers, nonsmokers exposed to secondhand smoke, and in smokeless tobacco users has been extensively analyzed by measuring urinary total NNAL, the end-product of the NNK carbonyl reduction pathway. 41 It was also shown that pyridine-N-oxidation is only a minor metabolic pathway in humans. 29 In contrast, the information on the extent of NNK α-hydroxylation in humans is extremely limited. It has been established that some of the adducts produced by pyridyloxobutylation of DNA or globin release 4-hydroxy-1-(3-pyridyl)-1-butanone (HPB). 42, 43 While several studies detected and quantified HPB-releasing DNA and globin adducts in humans, 44−46 it is not clear how much of the total measured level of these adducts is derived from NNK versus the related tobacco carcinogen N′-nitrosonornicotine, which shares common metabolic pathways with NNK and leads to the formation of the same adducts. 47 Moreover, it is not clear how DNA or globin adduct levels can be compared to the urinary products of NNK detoxification, in order to estimate the balance between the two pathways in the same individual. Therefore, availability of a specific urinary biomarker of NNK metabolic activation offers practical advantages for investigation of the relative extent of NNK metabolic activation and detoxification in humans. Our previous study developed a unique approach that provided such a biomarker, and our current report describes a sensitive and reproducible assay for the measurement of this biomarker in future studies.
A limitation of this study is that we did not quantify [D 4 ]3 and [D 4 ]4 separately. However, the sum of the keto and hydroxy acids is an informative aggregate biomarker for the quantitation of the total efficiency of the NNK and NNAL αhydroxylation pathways, and is expected to be used in future large-scale studies. The separate analysis of [D 4 ]3 and [D 4 ]4 can be easily achieved by measuring [D 4 ]4 in the same urine sample without the NaBH 4 reduction and then subtracting the measured amount from the total [D 4 ]4 determined by the method described here. 38 It is also important to note that, because the levels of natural NNK in regular cigarettes are higher than the levels of [D 4 ]1 added to study cigarettes, the amount of the NNK-derived hydroxy acid in the urine of regular smokers may be higher than the levels of [D 4 ]4 measured in people who smoke cigarettes containing [D 4 ]1. However, the ultimate goal of the [D 4 ]1 approach is not to provide absolute quantification of NNK metabolic activation but to compare the relative ratio of biomarkers reflecting metabolic activation and detoxification pathways within an individual.
In summary, we have developed a sensitive and robust assay for the quantitation of total [D 4 ]4 in smokers' urine. The assay incorporates a two-step derivatization procedure and LC-ESI-MS/MS analysis to achieve excellent precision, accuracy, recovery, and limit of detection. Analysis of smokers' urine indicated that levels of [D 4 ]4 as low as 26 fmol/mL can be quantified. The results of this work further confirm that [D 4 ]4 could be used as the urinary biomarker to study NNK metabolic activation. The broad dynamic range of this assay will be very useful in large studies, especially those that may deal with potentially lower efficiency of NNK metabolic activation in smokers due to polymorphisms in NNK metabolizing genes or in chemoprevention trials.
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